Luciferase is a useful, noninvasive reporter of gene regulation that can be continuously monitored over long periods of time; however, its use is problematic in fast-growing microbes like bacteria and yeast because rapidly changing cell numbers and metabolic states also influence bioluminescence, thereby confounding the reporter's signal. Here we show that these problems can be overcome in the budding yeast Saccharomyces cerevisiae by simultaneously monitoring bioluminescence from two different colors of beetle luciferase, where one color (green) reports activity of a gene of interest, while a second color (red) is stably expressed and used to continuously normalize green bioluminescence for fluctuations in signal intensity that are unrelated to gene regulation. We use this dual-luciferase strategy in conjunction with a light-inducible promoter system to test whether different phases of yeast respiratory oscillations are more suitable for heterologous protein production than others. By using pulses of light to activate production of a green luciferase while normalizing signal variation to a red luciferase, we show that the early reductive phase of the yeast metabolic cycle produces more luciferase than other phases.
G
enetic tractability, rapid growth, and simple nutritional requirements have made the budding yeast Saccharomyces cerevisiae an attractive eukaryotic microbe for producing industrially important heterologous proteins like insulin, hydrocortisone, growth hormones, and vaccines (1-4); however, production efficiency is always a chief concern when a microbe and growth strategy for producing protein are being chosen. Rhythmic production of proteins from oscillating cultures can be more efficient than steady-state production, especially for unstable proteins and those strongly affected by cell cycle-dependent proteases (5, 6) . A respiratory oscillation manifests in yeast under specific conditions of continuous culture and exhibits 1-to 6-h rhythms of oxygen consumption, cell division, metabolite production, and gene expression (7) (8) (9) (10) , all of which may make certain phases of the oscillation better for rhythmic protein production than others.
Monitoring production of heterologous proteins can be laborintensive; however, by producing a gene product that is easy to detect, the use of heterologous reporter genes can provide a noninvasive, automated way of measuring gene regulation and protein production in real time with high temporal fidelity. When a regulatory element(s) from a gene of interest is used to control expression of a reporter gene, the resulting reporter gene product provides an easily quantifiable surrogate that reflects gene regulation (and protein production) for the gene of interest. Luciferases from bacteria (11, 12) , fireflies (8, 13) , click beetles (14) , and marine organisms like Renilla reniformis (15, 16) and Gaussia princeps (17) have been extensively used as reporter genes in a host of organisms ranging from microbes to animals and plants owing largely to luciferase's bioluminescent reaction, which gives off light that is easily captured and quantified by cameras or photomultiplier tubes (PMTs) (18) . The biochemical reaction catalyzed by these luciferases involves reacting environmental oxygen with a luciferin substrate (that is exogenously supplied) and often requires additional cofactors like a cell's own ATP and Mg 2ϩ (19) .
The signal from a reporter gene (like luciferase) becomes less reliable, however, when variables aside from its gene regulation affect the reporter's abundance or enzymatic activity. For fastgrowing organisms, like microbes whose cell number can rapidly increase within the span of hours, accounting for changes in culture density and substrate concentrations (luciferin, O 2 , etc.) becomes increasingly important, as these changes also influence signal intensity. Some assays normalize for cell number by comparing the reporter's signal to the optical density of the culture (12, 20) , but doing so can involve dilutions and additional measurements that add variability and labor to the process, thereby undermining the advantages of automation and real-time continuous recording that luciferase provides.
Dual-luciferase assays use two different luciferases simultaneously, often from two vastly different organisms, like fireflies and Renilla, whereby the differences in substrates and the non-crossreactive nature of the biochemistries of the two luciferases can be exploited such that sequential addition of the two substrates provides two successive light signals, where the first flash reports reg-ulation of a gene of interest and the second flash reflects cell number (21) or transfection efficiency (22) by reporting the abundance of a stably expressed reference gene product. Although such assays can be automated and mitigate variation from sample preparation and cell number, continuous monitoring from the same sample/culture over time is not possible once both substrates have been added. Furthermore, the differences in biochemistries of the two luciferases do not allow the reference reporter to mitigate changes in reactants and substrates that differ between reactions. These problems can be alleviated, however, if the two luciferases use the same substrate and share similar biochemistries, as long as each luciferase's light emission can be separately detected (e.g., different wavelengths).
The yellow bioluminescence from firefly luciferase (a type of beetle luciferase) has been used in yeast to report activity of promoters involved in cell cycle and metabolism; however, rapid changes in cell number and oxygen availability during experiments imposed additional variables that affected luminescent output (8, 23) . We hypothesized that by simultaneously measuring the luminescence from a stably expressed red luciferase (from fireflies or related click beetles), we could compensate for non-promoter-related variables like changes in cell number and substrate availability (e.g., O 2 and luciferin) with respect to a spectrally distinct (e.g., green) beetle luciferase that reports the activity of our promoter of interest. In such a way, we can overcome the shortcomings of using a single luciferase reporter in yeast. In this paper, we demonstrate the utility of continually recording the output of two colors of luciferase in fast-growing microbes (e.g., yeast) for the purposes of mitigating signal effects caused by fluctuating cell number and reactant concentrations. Furthermore, we use the two luciferases to explore phase-dependent productivity of a heterologous protein (luciferase) in yeast undergoing respiratory oscillations to answer the question of whether there are phases of the respiratory oscillation during which yeasts are more productive, a task for which a single luciferase has previously been insufficient.
MATERIALS AND METHODS
Green and red luciferase reporter construction for yeast. Green and red luciferase reporters were constructed from click beetle luciferases as follows. The simian virus 40 (SV40) terminator of pCBG99-basic and pCBRbasic (Promega) was replaced by the 250-bp ADH1 terminator from pRS315-Luc(A4V) (8) using XbaI and SalI. PCR products containing each luciferase coding sequence (CBG99 or click beetle red [CBR] ) with the ADH1 terminator were produced using primer 1 or 2 (Table 1) , which added XmaI and BglII sites to the 5= end (immediately upstream of the start codon of CBG99 or CBR, respectively) paired with a 3= primer (primer 3) ( Table 1 ) that included a SalI site downstream of the ADH1 terminator. These PCR products were introduced into pRS305 and pRS306 (24) , respectively, using XmaI and SalI, producing plasmids pRS305-CBG99 and pRS306-CBR.
The pRS305-CBG99 plasmid was additionally modified in two ways. First, a hygromycin-selectable marker was added by PCR amplifying the hphNT1gene from pYM-24 (25) with a 5= primer (primer 6 [ Table 1 ]) that added a BamHI site and a 3= primer (primer 7 [ Table 1 ]) that annealed downstream of the endogenous NotI site to produce pRS305-hph-CBG99. Second, a unique NheI restriction site was engineered into the CBG99 coding sequence (CDS) immediately preceding the stop codon using primers 8 and 9 (Table 1) for purposes of generating C-terminal protein fusions for later applications. Finally, by using primers 10 and 11 (Table 1) , the PEST domain from the CLN2 gene was amplified and added to the C-terminal end of CBG99 in pRS305-hph-CBG99 to create pRS305-hph-CBG99-PEST.
Redshifted firefly luciferase reporters pRS306-Ppy RE8 and pRS306-Ppy RE9 were created by replacing the CBR coding sequence of pRS306-CBR with that of Ppy RE8 or Ppy RE9 (26) . To do this, Ppy RE8 and Ppy RE9 coding Padh1-3(BglII) ctacatAGATCTGGAGTTGATTGTATGCTTGG sequences were PCR amplified using primers 4 and 5 (Table 1 ) and introduced into pRS306-CBR using BglII and NheI, replacing CBR. Yeast promoters of interest (e.g., P TEF1 , P POL1 , and P GAL1 ) were added to any of the luciferase reporter plasmids by amplifying promoters from plasmids pRS303dKan-P POL1 -Luc(A4V)PEST and pRS315-P GAL1 -Luc(A4V) (8) or P TEF1 from plasmid pYM-N18 (25) using primers 12 to 17 (Table 1 ) and then adding the PCR product to the luciferase reporter plasmids with XmaI and BglII.
Yeast strain CEN.PK113-7D (Table 2 ) (27) provided by Peter Kötter (Goethe University, Frankfurt Germany) was used for single-plasmid integrations involving pRS305 derived reporters, and transformants were selected on yeast extract-peptone-dextrose (YPD) with 0.2 mg/ml hygromycin B. The ura3 auxotrophic version of the same strain, yBRura3⌬CEN.PK113-7D (9), was used when pRS306-derived reporters were needed, and transformants were selected on synthetic minimal medium without uracil (6.7 g/liter Difco yeast nitrogen base without amino acids, 770 mg/liter Formedium CSM drop-out mix without uracil, 2% glucose, 2% agar). When multiple reporters were required, yBR-ura3⌬CEN.PK113-7D was sequentially transformed with the integrating plasmids. PyRE8 luciferase replaces CBR of pRS306-P TEF1 CBR using XmaI and SalI This study pRS306-P TEF1 PyRE9
PyRE9 luciferase replaces CBR of pRS306-P TEF1 CBR using XmaI and SalI This study pRS306-P ADH1 CBR ADH1 promoter added to pRS306-CBR before CBR start codon using XmaI and BglII This study pRS305-hph-CBG99 CBG99 luciferase (with ADH1 terminator) added to pRS305 using XmaI and SalI; hphNT1 added using BamHI and NotI
This study pRS305-hph-P GAL1 CBG99 GAL1 promoter added to pRS305-hph-CBG99 XmaI and BglII This study pRS305-hph-CBG99-PEST PEST degron added preceding the stop codon of CBG99 in pRS305-hph-CBG99 using NheI and SalI
This study pRS305-hph-P GAL1 CBG99-PEST GAL1 promoter added to pRS305-hph-CBG99-PEST using XmaI and BglII This study pRS305-hph-P POL1 CBG99-PEST POL1 promoter added to pRS305-hph-CBG99-PEST using XmaI and BglII This study pRS305-hph-P TEF1 CBG99-PEST TEF1 promoter added to pRS305-hph-CBG99-PEST using XmaI and BglII This study pRS304-nat Nourseothricin resistance cassette added to pRS304 with SacI and BamHI This study pRMH122-LexA-CRY2PHR
Yeast expression vector with ADH1 promoter driving LexA-CRY2PHR 28 pRS304-nat-LexA-CRY2PHR
LexA-CRY2PHR transcriptional factor-phytochrome fusion added to pRS304-nat using AscI and ApaI Light-responsive reporter construction for yeast. The three genetic elements necessary for the Cry2/Cib1 light-sensitive promoter system (28) were transferred to integrating plasmids with different antibiotic resistance markers as follows. The natNT2 gene (marker for nourseothricin resistance) was moved from pYM-N9 (25) to pRS304 (24) by using SacI and BamHI (bringing with it an AscI site at the 5= end) to make pRS304-nat. Then, the LexA-CRY2PHR region was amplified from pRMH122 (28) using primers 18 and 19 (Table 1) , which added an AscI and ApaI site at its ends. This PCR product was moved to pRS304-nat with AscI and ApaI to yield pRS304-nat-LexA-CRY2PHR. The VP16-CIB1 region of pRMH124 (28) was PCR amplified using primers 20 and 21 ( Table 1) that added NotI and SpeI sites to the ends. The PCR product was moved to pRS303(d)-Kan (8) to generate pRS303(d)-Kan-VP16-CIB1. The basal promoter with 8 LexA operator regions (referred to in this work as P LIGHT ) was amplified from pSH18-34 (Invitrogen) using primers 22 and 23 (Table 1) , which added an XmaI site and a BglII site at its ends. This PCR product was used to replace the GAL1 promoter of pRS305-hph-P GAL1 -CBG99-PEST to make pRS305-hph-P LIGHT -CBG99-PEST. Finally, the region containing the ADH1 promoter was amplified from pRS303(d)-Kan-VP16-CIB1 using primers 24 and 25 (Table 1 ) and placed in the CBR reporter construct with XmaI and BglII to make pRS306-P ADH1 -CBR. Yeast strain yBR-ura3⌬CEN.PK113-7D (9) was sequentially transformed with each of the four integrating plasmids, pRS304-natLexA-CRY2PHR, pRS303(d)-Kan-VP16-CIB1, pRS305-hph-P LIGHT -CBG99-PEST, and pRS306-P TEF1 -CBR (or pRS306-P ADH1 -CBR), to make the light-responsive yeast strain yBR-G4/R1.
Monitoring luminescence from batch cultures and plates. In a 15-ml conical glass test tube, a culture of yeast was grown in 8 ml YP-glycerol (1% yeast extract, 2% peptone, 3% glycerol) plus 1.6 l antifoam A (Sigma) with gentle bubbling for aeration and mixing until the strain reached an optical density at 600 nm (OD 600 ) of ϳ0.6. Then, 10 l of 100 mM beetle luciferin (potassium salt; Promega) was added to the culture, and luminescence was monitored continuously with two Hamamatsu PMTs (HC135-01) fitted with 520-Ϯ 5-nm (green) and 632-Ϯ 5-nm (red) band pass filters (65699 and 65711; Edmund Optics). Figure S1 in the supplemental material shows the experimental setup for luminescence monitoring of liquid batch cultures. Yeast grown on solid YP-glycerol medium (2% agar plus 100 M beetle luciferin) was imaged using a ChemiDoc MP (Bio-Rad) through 520-Ϯ 15-nm (green) and 630-Ϯ 15-nm (red) band pass filters (1708074 and 1708076; Bio-Rad).
Continuous culture conditions and luminescence monitoring. Continuous culture experiments were conducted in a 3-liter BioFlo 115 benchtop fermentor (New Brunswick), using media and methods described previously (8, 29) , at pH 4, 900 ml/min air, 550 rpm, 30°C, and a 0.08/h dilution rate. The luminescence was continuously recorded using two Hamamatsu PMTs (HC135-01) as described previously (8, 29) ; however, the PMTs were fitted with 520-Ϯ 5-nm (green) and 632-Ϯ 5-nm (red) band pass filters (65699 and 65711; Edmund Optics). Figure S2 in the supplemental material shows the experimental setup for luminescence monitoring of liquid continuous cultures.
Spectral scans. Emission spectra from overnight cultures of CEN.PK113-7D transformed with CBR or CBG99 reporters were measured with a QuantaMaster QM-7/SE (Photon Technology International). The measurements were recorded as running averages (Ϯ10 nm) at 25°C and reported in relative luminescence units (RLU). Transmission spectra of band pass filters were measured with a Genesys 10s UV-Vis spectrophotometer (Thermo Scientific).
Half-life determination of CBG99 in yeast. Yeast strains yBR-G2a and yBR-G2b (i.e., CEN.PK113-7D stably transformed with pRS305-hph-P GAL1 -CBG99 with and without the PEST sequence) were grown overnight in YPR (1% yeast extract, 2% peptone, 2% raffinose), diluted 1:100 in YPR, grown overnight for a second time, and then diluted to an OD 600 of 0.4 in 10 ml YPR plus 100 M beetle luciferin. Aliquots of 3 ml from each culture were made in scintillation vials and shaken in parallel at 28°C on an orbital shaker. After 2.5 h growth (time point Ϫ60 min), cells reached an OD 600 of 0.65 and were treated with 150 l 40% galactose. Luminescence was measured with a FB12 luminometer (Berthold) at intervals of 20 min until time zero, when the vials were treated either with 125 l of H 2 O or with 125 l of 50% glucose plus 250 g/ml cycloheximide. Postrepression, bioluminescence was measured every 10 min for the first hour and then every 15 min thereafter.
Light treatment during continuous culture. The culture was treated with one, two, or three 65-W compact cool white fluorescent floodlights (Lithonia Lighting), placed around the vessel's water jacket, which delivered intensities of 90, 180, and 300 E/m 2 /s, respectively. Intensities less than 90 E/m 2 /s were achieved by positioning one floodlight various distances from the culture. The intensity of light was measured using a Li-Cor quantum radiometer/photometer (LI-250A) as described previously (9); briefly, this involved averaging 8 measurements taken at 45°incre-ments around the vessel's interior. The time period of light delivery was controlled by Traceable Lab Controller (Fischer Scientific). Figure S3 in the supplemental material shows examples of continuous culture illumination. Table S1 shows how the different light intensities were achieved.
RESULTS AND DISCUSSION
Analysis of spectrally resolvable luciferases in yeast. We constructed yeast reporters for a variety of beetle luciferases to evaluate their in vivo luminescence and spectral separation when expressed from the strong constitutive yeast promoter TEF1. A strain of S. cerevisiae (CEN.PK113-7D) was stably transformed with plasmids that expressed CBG99 and CBR click beetle luciferases (https://www.promega.com/ϳ/media/files/resources/ promega%20notes/85/introducing%20chroma-luc%20technolo gy.pdf?laϭen) and Ppy RE8 and Ppy RE9 red-shifted firefly luciferases (26) . These yeasts were patched onto a solid medium containing beetle luciferin and allowed to grow overnight at 30°C before being imaged with a charge-coupled device (CCD) camera. Band pass filters on the camera distinguished light from the green and red luciferases (Fig. 1A) , and quantification of light intensities through these filters revealed that CBR was a better spectral partner for CBG99 with regard to intensity and spectral distinction than either of the red-shifted firefly luciferases in our yeast (Fig.  1B) . Since a small portion of light from CBG99 was detectable through our red band pass filters (Fig. 1B and C) , we required a red luciferase that was inherently bright enough to be distinguished from this cross talk, thereby ensuring that light detected through our red filters was overwhelmingly from the red luciferase. For these reasons, CBR (and not either of the dimmer firefly luciferases) was used as the red luciferase for the remainder of this study. Figure 1C shows the relative emission spectra for CBG99 and CBR in yeast as well as the transmission spectra for the two sets of band pass filters used in this study.
In vivo compensation for changes in cell number. Click beetle luciferase has a half-life in the range of 4.5 to 5 h (Fig. 2) , making such stability less effective for reporting rapid changes in promoter activity, especially considering that yeast can have cell cycles as short as ϳ1 h. To improve the temporal fidelity of CBG99 as a dynamic reporter for promoters of interest, we fused the sequence for a destabilizing yeast PEST domain to CBG99, immediately before its stop codon. This modification shortened CBG99's halflife to about 40 min (Fig. 2) , similar to the effect the same modification had on firefly luciferase, as we previously observed (8) . However, because the PEST domain also reduces the amount of luciferase in the cell (and thereby the amount of light produced), we did not similarly modify CBR. We desired a red luciferase that was as bright and stable as possible for our constitutive reference luciferase.
We tested whether normalizing luminescence to a constitutively expressed red luciferase could mitigate the constant change in luminescence that results from increasing cell number and changing metabolic states as yeasts grow in batch cultures for many hours. To do this, we used the well-characterized GAL1 promoter to drive our destabilized CBG99 reporter and simultaneously the strong constitutive TEF1 promoter to drive the reference CBR. GAL1 is a gene whose expression is upregulated in the presence of galactose and repressed in the presence of glucose (30) . Initially, luminescence was evaluated on solid YP-glycerol medium containing luciferin, where patches of yeast yBR-G2b/R1 containing both reporters were arranged in a staggered fashion on a plate and allowed to grow at 30°C overnight (Fig. 3A) . The next day, galactose and glucose were added to the left and right sides of the plate, respectively, and imaged 7 h later (Fig. 3B) . All patches emitted red light from P TEF1 -CBR (except the control strain yBRG2b, which lacked the red reporter), but only patches on the left side of the plate emitted green light from P GAL1 -CBG. Ratiometric luminescence measured on solid medium, such as that in Fig. 3B , can be a useful way of evaluating many clones/colonies at once, certainly when growth rate and/or colony size confounds bioluminescence from the reporter of interest.
A normalizing red luciferase is also especially useful in liquid cultures where cell number and metabolic state change rapidly (for example, see Fig. S4 in the supplemental material) . To employ the red luciferase as a normalizer for the effect that cell number and metabolic state have on green luminescence in liquid culture, we grew two cultures of yBR-G2b/R1 (P GAL1 -CBG/P TEF1 -CBR) in a 15-ml glass conical tube containing liquid YP-glycerol medium (with luciferin and antifoam) gently bubbled with humidified air for agitation and O 2 supply. Green and red luminescence from the cultures were simultaneously logged by a computer each minute for more than 56 h (Fig. 3C and D) . See Fig. S1 in the supplemental material for the experimental setup. After 8 h of monitoring, red luminescence noticeably increased in both cultures, reflecting a rise in culture density, and even though green luminescence remained lower than red (glycerol is neutral to GAL1 promoter), a small amount of leaky control resulted in it too rising proportionally with culture density. At the 8-h time point, either glucose (Fig. 3C) or galactose luciferases (CBG99, CBR, Ppy RE8, and Ppy RE9, respectively) were patched onto solid medium and visualized (5 min exposure) after 24 h growth with a CCD camera fitted with 520-Ϯ 15-nm (green) and 630-Ϯ 15-nm (red) band pass filters. The luciferase expressed by each patch is indicated to the left of each patch, abbreviated "G" for CBG99, "R" for CBR, "8" for PpyRE8, and "9" for PpyRE9. (B) The luminescence intensity of each patch recorded through the green and red filters was quantified using ImageJ software. Bg, signal background averaged from 10 locations on the plate where yeasts were not patched. Bars show means Ϯ standard deviations. (C) Spectral scans of CBG99 and CBR luciferases in yeast were compared to the transmission spectra of the filter sets used for this study, i.e., those for the CCD camera (mentioned above) and photomultiplier tubes (PMT), 520 Ϯ 5 nm (green) and 632 Ϯ 5 nm (red).
FIG 2
The half-life of CBG activity in yeast is shortened from ϳ5 h to ϳ40 min by the addition of a PEST destabilizing sequence to the 3= end of the coding region of the CBG luciferase gene. Luminescence was periodically measured from strains yBR-G2a and yBR-G2b, which were transformed with galactose-inducible/glucose-repressible reporters with or without a PEST sequence. Luciferase transcription was induced by addition of galactose to the medium at Ϫ60 min for all cultures. Cultures with destabilized reporters (ϫ and OE) showed a smaller amount of expression than cultures with unmodified reporters ( and ᭜). Transcription and translation of luciferase were repressed at 0 min by the addition of glucose and cycloheximide in cultures with the destabilized reporter (OE) and with the unmodified reporter (᭜). Similar cultures were not repressed at time zero ( and ϫ). Luminescence from all repressed cultures dropped after time zero, but that of cultures with the destabilized luciferase reporter (OE) dropped much faster than that of cultures with the unmodified luciferase reporter (}); half-lives were calculated as 4.75 h for CBG and 40 min for CBG with PEST. Cultures that were not repressed at time zero ( and ϫ) continued to increase their luminescence over the course of the experiment. Luminescence was graphed on a log scale, and time was graphed in negative minutes before repression and in positive minutes after repression.
( Fig. 3D ) was added to the culture. In the glucose-treated culture, green luminescence continued to gradually rise proportionally with red luminescence. However, in the galactose-treated culture, green luminescence rose sharply after the addition of sugar.
More dramatic than the gradual change in cell number is the rapid drop in luminescence that results when its reaction becomes limited for one or more components that bioluminescence requires (e.g., oxygen, ATP, or luciferin). This can occur when oxygen is consumed much faster than it can be supplied or when cells have consumed most of the carbon in the medium (like between hours 24 and 32 in Fig. 3C and between hours 52 and 56 in Fig. 3D ). However, despite the rise in luminescence as a result of culture growth, or the drop in luminescence as a result of reactant limitation, the green/red (G/R) ratio reflected the expected performance for the GAL1 promoter in both cases of sugar treatment. It remained virtually flat in the glucose treatment, and it rose rapidly and then slowly decayed in the galactose treatment.
In vivo compensation for changes in oxygen. When we monitor bioluminescence from yeast growing in batch cultures for many hours, we routinely see instances of respiratory bouts where the culture rapidly consumes oxygen for a short time (as can be seen in the red and green traces of Fig. 3D at hour 48) . In batch culture, these respiratory bouts are transitory; however, when yeasts are grown in continuous culture where nutrients, pH, and cell number are stabilized, the respiratory bouts can recur at pre-
FIG 3
Effect of sugar treatment on strain yBR-G2b/R1, which contains a galactose-inducible CBG99 (P GAL1 -CBG) and constitutively expressed CBR (P TEF1 -CBR). (A) Bright-field image of a patch plate (YP-glycerol medium) of yBR-G2b/R1 stably transformed with both reporters, except for the 4 patches indicated by arrows, which each have only one reporter, as indicated. Galactose (5 l; 40%, wt/vol) or glucose (4 l; 36%, wt/vol) were placed as drops where indicated (X and O), respectively, 7 h prior to imaging. (B) Merged image of bioluminescence from the patch plate recorded through the green filter (10-min exposure) and through the red filter (3-min exposure). Yellow indicates coexpression from both GAL1 and TEF1 promoters, and red indicates expression from TEF1 only. (C and D) Luminescence was continuously recorded automatically every minute for 56ϩ h from two 8-ml YP-glycerol liquid cultures. After 8 h (black arrows), glucose (C) or galactose (D) was added (ϳ2% [final concentration] sugar). Although the output of both luciferases was influenced by constantly changing cell number and O 2 availability, the G/R ratio reveals that expression from the GAL1 promoter was not affected by glucose (the black trace in panel C remains flat); however, it increased rapidly upon galactose addition (the black trace in panel D rises sharply). dictable intervals (e.g., ϳ4 h in Fig. 4A ). We showed previously that bioluminescence from luciferase drops to nearly zero during these respiratory bouts, a phenomenon we call the hypoxic mask because the lack of oxygen obscures that which the reporters would otherwise reveal (8) . We also showed previously that when the promoter for POL1 drives luciferase expression, it reveals a burst of expression shortly after the oxygen trough with expression gradually waning over the course of the oscillation, similar to the thick gray line in Fig. 4B (8) . But because the hypoxic mask obscures the luciferase reporter during the oxygen trough, we could only presume that POL1 promoter activity gradually increases during the hypoxic mask, as the gray dashed line shows in Fig. 4B . However, both red and green click beetle luciferases are susceptible to hypoxia (Fig. 4C) , and even though luminescence drops substantially during this time, it does not drop to zero (Fig.  4C, inset) . When a bright red luciferase is driven by the constitutively expressed promoter for TEF1 (black trace in Fig. 4C ), its luminescence can be used to normalize luminescence changes that occur to a green luciferase as a result of hypoxia, allowing the ratio of light from the reporters to reveal relative trends of promoter activity during the hypoxic masks (Fig. 4D) . But although the G/R ratio can reveal promoter activity during the hypoxic mask, we have observed that the ratio cannot compensate for the rapid change in oxygen that occurs for approximately 5 min at the beginning and end of the hypoxic mask, which results in transition spikes in the ratio (Fig. 4D) . Additionally, continuity of the ratio between the hypoxic mask and the rest of the oscillation is not always as seamless as it is in Fig. 4D . Continuity requires the green luciferase to be sufficiently bright to minimize the influence of signal noise that can unevenly affect the weaker luciferase when signal strength drops to near zero. If the promoter driving the green luciferase is weak or repressed, the ratio during the hypoxic mask may be shifted upward compared to the rest of the oscillation (as it is in Fig. 5 ). Steps that increase the overall brightness of the green luciferase (such as introducing multiple copies of the reporter or providing higher concentrations of luciferin) can overcome this limitation for weak promoters if continuity across the hypoxic mask is important/required for an experiment.
Yeast exhibit phase-dependent productivity for luciferase. Just as there are times during the human circadian cycle when people are more productive (31, 32), we questioned whether there were times of the ultradian respiratory oscillation when yeasts are more productive, specifically regarding synthesizing heterologous proteins (like luciferase). To address this question, we required a mechanism to rapidly turn on and off gene expression for our green luciferase at various times during the yeast oscillation, but in a manner that would not overtly affect the oscillation itself. Al- oscillates with a period of ϳ4 h. When DO becomes limiting, luciferase output drops, severely hampering its use as a reporter during this hypoxic mask; however, we predict that P POL1 activity increases during this time (dashed line). (C) When the red luminescence (black trace) from the constitutively expressed P TEF1 -CBR is simultaneously recorded with that from P POL1 -CBG (gray trace), both luciferases succumb to hypoxia during the respiratory oscillation, and luminescence drops about 300-fold (the inset shows luminescence near the x axis). (D) The G/R ratio (thin black trace) reveals that P POL1 activity increases relative to P TEF1 activity during the hypoxic mask. Black arrows point to the ϳ5-minduration transition spikes which occur during the rapid plummet and rise of DO, during which the G/R ratio cannot compensate.
though there are yeast promoters that rapidly respond to chemical additives like galactose (Fig. 3) or copper (33) , we wished to minimize any inherent, time-dependent propensity yeasts may have for their own promoters, so we looked to heterologous transcription factors and promoters. Furthermore, the rapid introduction of chemicals like galactose and copper often perturbs the oscillation, and such chemicals are difficult to remove from the culture once added; therefore, such chemical induction systems were not pursued. Alternatively, the Cry2 and Cib1 proteins from plants dimerize in the presence of blue light, which can in turn be used to activate a modified bacterial lexA promoter (28, 34) . And although we have previously shown that intense visible light perturbs the yeast oscillation, we have also shown that intensities less than 100 E/m 2 /s have little effect on the oscillation (9) . A lightinducible promoter system offers the advantages of a heterologous gene control system that can be rapidly activated or inactivated without adding chemicals to the culture or disturbing the oscillation.
We constructed yBR-G4/R1, a strain of yeast that contained the genetic elements necessary to allow the light-dependent dimerization of Cry2 and Cib1 to control the expression of our destabilized CBG luciferase (P LIGHT -CBG) independently from a constitutive P TEF1 controlled CBR reference gene. Briefly, this required transformation using three integrating plasmids. The first contained a yeast ADH1 promoter controlling transcription of a CDS containing the binding domain of the bacterial lexA split transcription factor fused to the photoresponsive domain of Cry2 from Arabidopsis. The second contained a yeast ADH1 promoter driving a CDS containing the transcriptional activating domain of the viral VP16 fused to Cib1 from Arabidopsis, and the third contained the P LIGHT promoter (consisting of a yeast basal promoter element fused to 8 repeats of the lexA operator) driving destabilized CBG99.
A yeast respiratory oscillation with a period of approximately 4 h was established in the dark, and during this time, a small amount of green bioluminescence could be detected from the culture, in-
Yeast strain yBR-G4/R1 containing the light-sensitive promoter system driving green luciferase and a constitutive promoter driving red luciferase (P LIGHT -CBG/P TEF1 -CBR) was exposed to 1-h treatments of white light at various intensities during the same phase of respiratory oscillation. (A) Representative oscillations show two 1-h treatments of light (50 and 25 E/m 2 /s). The timing and duration of light treatments are shown as black bars under the x axis. During low-intensity light treatments, red luminescence (black trace) was not affected; however, green luminescence (gray trace) sharply increased and peaked 6 to 10 min after the end of the light exposure. The G/R ratio (dashed line) normalizes luminescence for variations in metabolic state and cell number; however, it is not seamless during the hypoxic masks with the rest of the oscillation. The gray vertical line shows the peak G/R ratio for the 50 E/m 2 /s treatment in relation to the light treatment. (B) Green light intensity and G/R ratio at the G/R peaks for treatments of 0, 1.5, 3, 6, 12, 25, and 50 E/m 2 /s were plotted to reveal that for low-light treatments, a single-color (green) luciferase is sufficient to reveal logarithmic dose-dependent activation of the P LIGHT promoter. Single color bioluminescence tracks very closely to the G/R ratio. (C) Results of an experiment similar to that whose results are shown in panel A but using 90, 180, and 300 E/m 2 /s light. The breaks in the x axis hide oscillations where no light treatment was given. Bright light (180ϩ E/m 2 /s) negatively affects the luminescent reporters and the respiratory oscillation, thus requiring a constitutive red luciferase to normalize the effect of bright light on the green luminescence reaction. (D) Values for luminescence and G/R ratios at the G/R peak from each light treatment in panel C were graphed to highlight the fact that under bright light, green luminescence by itself is insufficient to reveal a dose-dependent response of promoter activation; however, a ratio mitigates the effect bright light has on the reporters.
dicating that the light-sensitive promoter (P LIGHT ) permitted a small amount of "leaky" expression. However, a 1-h white light pulse (50 E/m 2 /s) initiated immediately following the end of one of the hypoxic masks revealed that light could rapidly induce a rise in P LIGHT -CBG's green bioluminescence about 3-fold above basal levels, while no rise was detected in P TEF1 -CBR's red luminescence (Fig. 5A) . The expression of CBG from the P LIGHT promoter was directly controlled by the presence of light. Once the light pulse had concluded, green bioluminescence began dropping about 10 min after the cessation of light, with luminescence levels returning to baseline by the following oscillation. Testing subsequent oscillations in a similar manner, using half as much light each time, revealed a logarithmic dose response to light (Fig. 5B ). At these low intensities, light did not substantially affect the oscillation or the output from the green reporter, and as a result, the dose response conveyed by a single luciferase tracked nicely with the G/R ratio. This was not the case, however, when the experiment was repeated using bright light.
The light-sensitive nature of the luciferin substrate (35) , along with the destabilizing affect that bright light has on the oscillation (9), resulted in bright light (especially 300 E/m 2 /s) hampering emission of luminescence (Fig. 5C) . The G/R ratio increased with increasingly intense light treatments, even though overall luminescence generally decreased when light intensity exceeded 100. Figure 5D shows the values of luminescence and their ratio when the G/R ratio peaks for each of the light treatments in Fig. 5C . The effect of bright light on a bioluminescent reaction, in addition to any gradual dimming that a culture may sustain over a long time course, highlights the importance for using a normalizing luciferase in experiments like these.
To test the productivity of yeasts at different phases of their respiratory oscillation, we treated the yBR-G4/R1 strain from the previous experiment with 1-h light pulses (90-E/m 2 /s intensity) at different phases of their oscillation. Figure 6A shows a continuously recorded 54-h experiment where light pulses were delivered at three different phases (early oscillation, mid-oscillation,
FIG 6
Light-induced green luciferase production is greater at some phases of the respiratory oscillation than other phases. (A) A 52ϩ-h experiment where oscillating yeast yBR-G4/R1 (containing P LIGHT -CBG and P TEF1 -CBR) was exposed to 1-h treatments of 90 E/m 2 /s of white light during different phases of respiratory oscillation. The duration and phase of light treatments are shown as black bars under the x axis. Red luminescence (black trace) was not affected by the light treatments; however, green luminescence (gray trace) sharply increased during light treatments: more so when light treatments were administered early during the hypoxic mask (at ϳ21 and ϳ30 h), less so when treatments were given midway into the oscillation (at ϳ0.5 and ϳ7 h), and least when treatments were administered late into the oscillation (at ϳ41 and ϳ49 h). The G/R ratio (dashed line) normalizes luminescence for variations in metabolic state and cell number. (Inset) Timing of the light treatments with regard to one representative oscillation. (B) The peak G/R ratios that resulted from the 6 light treatments (A) were plotted in relationship to a representative respiratory oscillation with time units of degrees of period. Phase points 0 and 360 were defined as DO troughs. (C) An experiment similar to those whose results are shown in panels A and B was performed using yBR-G4/R4 (which contains P ADH1 -CBR as the red luciferase instead of P TEF1 -CBR). Peak G/R ratios that resulted from the 5 light treatments were plotted in relationship to a representative respiratory oscillation, with the time units being degrees of period. Phases similar to those shown in panel B were tested as well as additional ones.
and late oscillation) in duplicate with at least one oscillation between treatments. Early-phase light treatments can be seen in Fig.  6A at ϳ21 h and ϳ30 h, mid-phase light treatments at ϳ0.5 h and ϳ7 h, and late-phase treatments at ϳ41 h and ϳ49 h. Although the same amount of light was applied in each treatment, the time at which the light was administered relative to the oscillation had a noticeable effect on the amount of green bioluminescence produced, with no effect on the red bioluminescence. Figure 6B summarizes the results from Fig. 6A by plotting the peak G/R ratio that occurred from each light treatment in relationship to the phase of a representative respiratory oscillation (light treatments were plotted at the phase of mid-light pulse). Timing for each treatment was standardized to degrees of period, and phases 0°and 360°were defined as dissolved oxygen's trough.
Although the results from Fig. 6B suggested that yeasts are more capable of producing a candidate heterologous protein (luciferase) at early phases of their oscillation than later phases, and although we attempted to minimize endogenous yeast promoter bias by using heterologous transcription factors and promoters to control green bioluminescence, we were concerned that the "constitutive" yeast ADH1 promoter that drove the light-sensitive Cry2 and Cib1 split transcription factor system (28) contributed to the phase-dependent results we observed in green bioluminescence. Microarray data from others (7) visualized through sceptrans.org revealed that ADH1 expression is constitutive in many growth conditions; however, for yeast exhibiting respiratory oscillations during the yeast metabolic cycle, ADH1 has low-amplitude rhythmic expression, which may have imparted a phase-dependent bias to our experiment. To mitigate any phase-dependent influence P ADH1 may exert on the light-sensitive promoter system, we performed an experiment similar to that whose results are shown in Fig. 6A and B but instead used yBR-G4/R4, a yeast strain with P ADH1 driving CBR's red luciferase expression instead of P TEF1 (Fig. 6C) . In this way, any inherent rhythmic influence in green bioluminescence that resulted from rhythmic production of Cry2 and Cib1 would be mitigated by analyzing the G/R ratio of equally rhythmic red bioluminescence. By testing similar and additional phase points, our results (Fig. 6C ) corroborate our previous observation that light pulses delivered during (and shortly after) the high-oxygen-consumption phase of the oscillation result in substantially more CBG production than later phases and, additionally, that any low-amplitude rhythmic P ADH1 activity that drives the production of the light-detecting plant proteins does not substantially impact their effectiveness for revealing phasedependent productivity of yeast.
The observation that yeasts are more productive at synthesizing heterologous proteins near phase points of 0°and 360°and less productive between phase points 180°and 300°is consistent with the yeast metabolic cycle (YMC) model of respiratory oscillation, whereby yeasts transition through three broad phases of metabolism over the course of the oscillation: an oxidative phase, a reductive/building phase, and a reductive/charging phase (7, 36) . As Fig.  7 shows, our data reveal that the most productive times for yeast to produce proteins (like luciferase) correlate with the reductive/ building phase of the YMC, a time when yeasts have transitioned away from respiration in favor of a more fermentative metabolism, whereby they can use their metabolic intermediates for biosynthesis of complex molecules rather than oxidizing them for energy. Additionally, the recent upregulation of genes involved in production of ribosomes, nucleotides, and amino acids that occurs in the oxidative phase produces an intracellular environment ideal for rapid protein production and cellular division by the time cells enter the reductive/building phase (7) . Figure 7 shows the data from Fig. 6B and C (and the spans of their light treatments) superimposed on a representative respiratory oscillation where phases of the YMC have been highlighted. The highest G/R values are seen when the majority of the transcription-inducing light treatment occurs within the reductive/building phase, while G/R values are slightly lower when a smaller portion of their light treatment occurred during the reductive/building phase. Conversely, our data show that yeasts are least productive at synthesizing heterologous proteins during the reductive/charging phase, a time when they divert energy into storage carbohydrates (10) and have spent the most time away from the peak of ribosome and amino acid biosynthesis (7), when intracellular stores of building blocks may be lowest.
Conclusions. This study has revealed that by using an additional spectrally resolvable luciferase which uses the same substrate and mode of action as the primary reporter, one can compensate for the most common fluctuations that occur in rapidly growing cultures of yeast that would otherwise distort the signal from a single luciferase reporter. We have demonstrated this utility in colonies/patches grown on solid medium, as well as suspended yeast in liquid batch and continuous cultures. A similar application could be used for other rapidly growing/metabolizing microbes (like bacteria) where changes in cell number or substrate abundance make interpreting reporter gene products difficult, especially when noninvasive, real-time monitoring is desired over long periods of growth.
Additionally, we took advantage of the normalizing red luciferase signal to reveal that yeast exhibiting respiratory oscillations are more productive during the reductive/building phase of the yeast metabolic cycle than the reductive/charging phase. These findings have implications for industries that are looking to use synchronized/rhythmic microbial cultures to improve heterologous protein yields by collecting/purifying product from cultures at times when they are maximally able to produce the desired product. By collecting protein from culture at recurring phases of an oscillation when the cells are most productive, one could combine the advantages of long-duration runs of continuous culture with the bolus-like production of batch fermentations. The autonomously synchronizing yeast metabolic cycle that manifests a strong respiratory oscillation and partially synchronized cell division cycle may provide an efficient, low-maintenance oscillating system from which heterologous proteins can be rhythmically produced in continuous culture.
Although this work revealed an optimal time window during which yeasts are most productive, continued research is required before oscillating protein production becomes practical in an industrial setting. The biggest challenge involves how to efficiently get protein out of the bioreactor's culture without disturbing the oscillation. At the dilution rates used in this study, only about 8% of the culture exits the bioreactor each hour. So even though all of the cells in the culture may be synthesizing the heterologous protein during a roughly 1-hour window of optimal productivity, only 8% of the culture could be innocuously harvested during the window (from the bioreactor's effluent). However, after 12.5 cycles (roughly 2 days) of collecting cells from the effluent during the recurring hour-long windows, one would have collected the same amount of cells as if the oscillation had been sacrificed during a window to harvest all cells (even more cells if a greater dilution rate is used). Therefore, there may be an achievable efficiency/ yield advantage for harvesting from an oscillating system if the labor and cost of maintaining an oscillation for 12.5 cycles are less than those needed to establish the oscillation. This is because every 12.5 cycles (at a dilution rate of 8%/h), the culture would produce one bioreactor volume's worth of cells from the optimal production window (while continuing to produce additional cycles as long as the system runs). Further developments that allow one to "scrub" the oscillating reactor's culture for secreted proteins may provide better methods to harvested periodically produced protein from the entire culture without perturbing the oscillation, and easily detectable bioluminescent enzymes like those used in this study may be good candidate proteins for this task.
Ancillary to our major objectives, our results show a rapid, dose-dependent response of the light-sensitive promoter system in yeast to white light treatments. Although light as dim as ϳ1 E/m 2 /s can stimulate yeast to produce luciferase, intensities greater than 10 E/m 2 /s provide substantially more production but do so with diminishing returns. Detectable increases in luminescence above background can be seen in as little as 10 min after onset of light treatment and similarly begin to fall about 10 min after cessation of treatment. Together, these data demonstrate a series of tools by which yeast gene expression can be rapidly and reversibly controlled, as well as continuously monitored. Their combination can be used to dissect critical cellular events required for the establishment and maintenance of the yeast respiratory oscillation to reveal genetic underpinnings of the yeast metabolic cycle.
